The aim of this study was to develop a simple colorimetric method to determine the swelling degree of cotton cellulose based on the UV absorbance shift of Congo Red (CR). To induce swelling, the cotton was treated with NaOH (0, 2, 4, 6, 8, 9, 10, and 12%) solution at -20 °C for 60 min. The FTIR analyses revealed that 2 to 8% NaOH treated cotton were swollen and less crystalline by decreasing the strengths of cellulose inter and intramolecular hydrogen bonds. The swollen cotton cellulose (10 mg) adsorbed more CR molecule when stained using 1 mL CR solution (100 µM). The amount (μM) of CR adsorption on cotton was enhanced with higher degree of swelling. The study proposed 1 µM of CR adsorption enhancement on 10 mg of swollen cotton cellulose is equal to 1 unit of swelling. The swelling behavior of cotton cellulose was validated by varying the treatment temperature and time, reflected properly by this method. Therefore, it is a promising sensitive colorimetric method for the easy and rapid determination of the swelling degree of cotton cellulose.
INTRODUCTION
Cellulose biopolymer is an attractive source of alternative energy such as bioethanol. Its crystalline nature provides insolubility into the water. To boost the saccharification, several attempts are being tested to increase the solubility of cellulose by structural modification. Chemicals including organic and inorganic solvents are tested over the years to increase the solubility or swelling of cellulose as additives during saccharification. Since the saccharification is an ultimate process of cellulose modification by enzymes; therefore, to have some proteins regarding swelling instead of chemicals would be more beneficiary for bioethanol production. Although, some proteins such as expansin (Kim et al., 2009 ), swollenin (Saloheimo et al., 2002) have been reported for the modification of hydrogen bonds of crystalline cellulose, the physico chemical properties are not well characterized due to lack of a sensitive analytical method. Moreover, researchers are interested to isolate some novel enzymes for cellulose swelling. However, although several methods for measuring of cellulose swelling are reported a sensitive colorimetric method is not reported yet. Thus a colorimetric method is needed for basic research of cellulose structural modification.
In plant cell walls, the basic structural unit of cellulose is slender aggregates of cellobiose chains called elementary fibrils or microfibrils (Kim et al., 2009) . A wide range of diameters (2-20 nm) and lengths (0.1-100 μm) of microfibrils are observed. Such lengths correspond to a degree of polymerization ranging from the hundreds to the tens of thousands of glucose units along the axial direction of the microfibril. Free hydroxyl groups present in cellulose are involved in various possible intramolecular and intermolecular hydrogen bonds giving rise to different crystalline arrangements of cellulose (Agarwal, 2011) . The crystalline structures of these microfibrils create a complex network of hydrogen bonding and van der Waals interactions that resist deconstruction by solvent or mechanical forces (Jager et al., 2011) , are recalcitrance for cellulase enzymes. The structures consist of cellulose chains with alternate glucose units facing in opposite directions. These chains are arranged in a parallel fashion and are linked through interchain OH· · ·H hydrogen bonds. Because of the close proximity of glucose residues in the structures, a complex network of nonbonded interactions permeates the crystals. Sheets of polymeric chains are stacked over one another, stabilized by weaker CH· · ·O interactions and van der Waals attractions (Mackenzie, 1956 ). Both allomorphs consist of polymerized cellobiose chains arranged in parallel to form flat sheets. These sheets are stacked on top of each other to form the full three-dimensional crystal structure (Richter, 1957) .
Sodium hydroxide is a simple chemical that can swell cellulose in a certain concentration, and even can dissolve cellulose at high NaOH concentration. The dissolution mechanism is that soda hydrates can penetrate the amorphous area of cellulose, and destruct the neighboring crystalline regions by destroying inter and intra-hydrogen bonds between cellulose molecules (Saloheimo et al., 2002) . In its reaction with cellulose, aqueous sodium hydroxide above a certain concentration is able to penetrate the cellulose crystalline lattice to yield a series of more or less well defined crystalline complexes holding a number of sodium ions and water molecules within their crystalline lattice (Porro F., 2007) .
In the semi crystalline polymers, the accessible areas for dyeing are the amorphous areas and the surfaces of the crystalline phase (Ougiya et al., 1998) . According to Venkataraman (1952) Congo red is bound mainly to primary alcohol groups of cellulose and does not react with aldehyde groups. It is an anionic azo dye that may interact with surface of cellulose fibers in different ways: by electrostatic forces through the sulfonic groups, by hydrogen bonding through the azo and amino groups, and by hydrophobic interactions through the conjugated ð-electron system (Yamaki et al., 2005) . In Congo red the resonance along the chain of conjugated double bonds favors coplanarity of the aromatic structures. Moreover, formation of chelate hydrogen bonds between ortho-amino and azo groups assists the planarity of the molecule and facilitates hydrogen bond formation with suitable groups of cellulose (Shore, 1997) . Thus, hydrogen bond plays an important role in the Congo red adsorption on modified cellulose fibers. Moreover, the electron donor capability of the azo dyes is important for their penetration and fixation in the fiber polymer, which may also reflect a respective impact of the hydrogen bond acceptor capability of the substrates (Yamaki et al., 2005) .
The Congo red molecule is about 2.5 nm in length along its longitudinal axis. It is smaller than the micropore diameter and would be absorbed into micropores, macro pores and to the external surfaces of the fibers of wood pulp, micro fibrillated cellulose pulp from wood and bacterial cellulose samples (Ougiya et al., 1998) . Due to strong binding affinity of Congo red with cellulose, several studies used Congo red for the assay of cellulase enzymes. Cellulase degrades the cellulose β (1-4) glycosidic chain, thus the adsorbed Congo red released and formed clear holo zone on agar media plate (Park et al., 2002) . Recently, Rembrandt et al. (2012) reported the application of Congo red for quantitative measurement of cellulose degradation by cellulases. However, in swelled cellulose, the hydrogen bond degradation occurs instead of cellulose degradation, may cause more exposure of free hydroxyl groups that may enhance the Congo red binding site. Chemical structure of an individual dye determines the possibility of a break up of fiber-fiber hydrogen bonds, with a simultaneous creation of fiber-dye bonds (Mazeau et al., 2012) . Thus amorphous area generated by the disruption of H-bonds that expose more -OH in crystal-Vol-2 Issue-1 SIFT DESK line cellulose, further binds with Congo red. The cellulose hydroxyl group may act as electron acceptor and Congo red amino or azo group as electron donar to make hydrogen bonds. Therefore, the more exposure of hydroxyl group on amorphous area of cellulose the more chances for Congo red hydrogen bonding and the more adsorption of Congo red. This basic idea of Congo red adsorption by hydrogen bond formation is considered in this study to analyze the degree of swelling or structural modification of cellulose. Meanwhile, we reported the cellulose microfibril swelling enzyme from Bacillus sp. AY8 that was characterized by the Congo red adsorption method (Haque et al., 2015) .
The objective of this study is to establish a colorimetric method to evaluate the swelling and chemical modification of cellulose structure. To this end, the cotton fiber is treated using varying concentrations of NaOH at different temperatures. The amount of Congo red adsorption enhancement on treated cotton fiber is measured compared to the untreated cotton fiber. The swelling behavior of cotton fiber cellulose is satisfied by the Congo red adsorption method.
MATERIALS AND METHODS

Materials
The sodium hydroxide was procured from Wako Pure Chemicals Industries, Ltd. (Chuo-ku, Osaka, Japan). Congo red was bought from High media (India). Impurities (non-cellulosic materials) free medical grade cotton cellulose was procured from TAE MYONG (Korea). All other reagents used in this study were of analytical reagent grade.
Preparation of Congo red standard solution
The 0 to 100 μM of CR stock solutions were prepared in 10 mM Tris-HCl buffer (pH 8.2) and kept in dark at room temperature. The optical density (OD) of these CR solutions was measured at 530 nm by using a spectrophotometer. The OD of CR standard solutions was taken three times. The CR standard curve was prepared from average OD of CR solutions from three repeated experiments.
Swelling induction of cotton cellulose and Congo red adsorption
Cotton cellulose was treated with 0%, 2%, 4%, 6%, 8%, 10% and 12% NaOH solutions at a solid loading of 2% mass concentration in 50 mL polypropylene tube at -20 °C for 60 min. The treated cotton was gently washed with deionized water until neutral pH. The neutralized cotton was gently pressed to remove the water content. For complete drying, the neutralized cotton was kept in vacuum dry (40 °C) woven for 30 min. For each sample, 10 mg of cotton was weighed and kept in different test tubes. For each single treatment, three replicates of test tubes with 10 mg of cotton were prepared. After that, 1 mL of CR stock solution (100 µM) was added to the test tube and kept for 10 min. Then 600 µL of supernatant was taken out and kept in amount of 200 µL in three consecutive tubes. Similarly, three consecutive blank tubes were prepared using 10 mM Tris-HCl buffer (pH 8.2). In addition, three replicas were prepared for UV absorbance of each sample and blank. The UV absorbance was measured at 530 nm using a Spectrophotometer.
Congo red adsorption enhancement
The OD of CR solutions after adsorption by 0% NaOH treated cotton was considered as control and 2 to 12% NaOH treated cotton was considered as test sample, respectively. The deducted OD from control to test sample was termed as Congo red adsorption enhancement (CAE) on swollen cotton. Thus, CAE = OD of control solution -OD of test sample solution. The CAE was converted to μM using CR standard curve equation, y = 0.0102x + 0.0048.
FTIR analyses
The dried cotton was grounded using a Willey Mill with a 140 steel mesh screen and prepared for FTIR analysis. The FTIR spectra were obtained by using powder FTIR spectrometer with ranges between 800 and 4000 cm -1 . Discs were prepared by mixing 2 mg dried sample powder with 200 mg KBr.
Determination of specificity
Here, we demonstrate two important applications of the method: (1) temperature dependent cotton swelling to determine the specificity of the method at the lower state of swelling. The lower state of swelling was induced by treating the cotton at 23 °C and 4 °C using NaOH (4%, 8%) solutions for 60 min. (2) Observation of time dependent cotton swelling profile, to end, the cotton cellulose was treated at -20 °C by using 8% NaOH for 0 to 240 min. The cotton swelling assay was performed by using the same protocol.
RESULTS & DISCUSSION 3.1. Rationale for assay
We developed a simple and sensitive colorimetric method for determining the degree of cotton cellulose swelling. The cotton was swollen after treating with NaOH solutions. The crystalline area of NaOH treated cellulose was reduced by disrupting the hydrogen bonds and consequently increasing the amorphous area. The untreated cotton cellulose has both some amorphous area and crystalline surface area. Therefore, some Congo red might be absorbed on untreated cotton cellulose. The amount of Congo red adsorption was measured by using UV spectral changes at 530 nm. However, higher amount of Congo red was adsorbed in swollen cellulose. This indicates that the swollen cotton cellulose generates more amorphous area than untreated cotton cellulose. We reasoned that the enhanced amount of Congo red adsorption on swollen cotton cellulose is proportional to the enhanced amorphousness Vol-2 Issue-1 SIFT DESK that could be used to determine the degree of swelling in a simple spectrophotometric assay.
Optimization of experimental conditions
In order to obtain a precise assay, some conditions were optimized and considered. The standard curve of CR was developed to measure the quantity of CR adsorption enhancement (CAE) on treated cotton cellulose. The average UV absorbance of different CR solutions (0 to 100 μM) was measured at 530 nm and plotted in a graph represented in Figure 1 . The amount of CR, after adsorption on cellulose, was measured in suspension using an UV-VIS spectrophotometer (Haft et al., 2012; Ougiya et al; 1998) . Recently, the 'Congo Red analysis of cellulose concentration' (CRACC) method used 530 nm wave length of CR (Haft et (Fig. 1) . Varied concentrations of NaOH treated cotton cellulose was stained with 1 mL of 25 to 125 μM of CR solutions. The differences of CAE for each sample reached maximum using 100 μM of CR solution (data not shown). But it was not marked while using more than 100 μM of CR. The CR binds rapidly on the treated cotton cellulose and the adsorption enhancement (CAE) was raised to maximum within 5~6 min when used with 100 μM of CR solution, Although dyeing, or indeed any other reaction, cannot take place within the crystalline regions of the fibre, it is not confined to the external surface. Thus the accessible internal surfaces are the voids between microfibrils and the space between elementary fibrils (Warwicker & Wright; 1967) . Importantly, the CR adsorption into void and spaces between microfibrils was required 5 min for measuring the specific surface area of cellulose microfibrils (Ougiya et al; 1998) . Although the CAE was raised to maximum within 5~6 min, this study selected total 10 min reaction time for CR binding on swollen cotton. Since the amount of CR adsorption may vary with the weight of cotton, the suitable weight of cotton was determined to optimize the condition. The 10 mg of cotton cellulose which is the least amount for easy weighing in electric microbalance and staining using 1 mL of CR solution in test tube, was selected for determining the degree of swelling.
Swelling evidence of cotton cellulose
FTIR analyses were conducted on 0% (water), 2%, 4%, 6%, 8%, and 10% NaOH treated cotton to observe their swelling. Hydroxyl groups in a carbohydrate solid can either be associated, hydrogen bonded to other hydroxyl groups within the matrix, or free, not strongly H- . NaOH treatment splits the H-bonds in cellulose, which was confirmed by the absorbance variation and wave number shift in the FTIR spectra (Oh et al; . Therefore, the H-bond absorbance of 0%, 2%, 4%, 6%, 8% and 10% NaOH treated cotton cellulose was observed and represented graphically in Figure 2 . The intramolecular H-bonds for 2-OH· · ·O-6 and 3-OH· · ·O-5, and the intermolecular H-bonds for 6-OH· · ·O-3´ appeared at 3455-3410 cm -1 , 3375-3340 cm -1 , and 3310-3230 cm -1 , respectively (Oh et al; . In Figure 2 , the FTIR spectra of H-bonded O-H stretching vibrations at around 3415 cm -1 were resolved into three bands. Thus the bands at 3415 cm -1 , 3340 cm -1 , and 3280 cm -1 were related to the sum of the valence vibrations of an H-bonded OH groups of the intramolecular H-bond 2-OH· · ·O-6, intramolecular H-bond of 3-OH· · ·O-5 and the intermolecular H-bond of 6-OH· · ·O-3´, respectively. However, the intermolecular H-bond was predominantly visible than intramolecular H-bonds in water treated cotton cellulose. While the intermolecular H-bond intensity was gradually reduced and intramolecular H-bond intensities were more vibrant in 4%, 6%, and 8% NaOH treated cotton cellulose. This indicates the intermolecular H-bonds in 4%, 6%, and 8% NaOH treated cotton cellulose was disrupted, which caused loosening the structure of cellulose microfibers. The hydroxyl stretching region of the spectrum was particularly useful for elucidating hydrogen bonding patterns because, in favorable cases, each distinct hydroxyl group gives a single stretching band at a frey = 0.0102x + 0.0048 R 2 =0.9974 Vol-2 Issue-1 SIFT DESK quency that decreases with increasing strength of hydrogen bonding (Cael et al, 1975) . Therefore, increased intensities of the H-bonded OH groups vibrations, appeared for NaOH treated cotton cellulose around 3000-4000 cm -1 (Fig. 2) , were related with the decreasing strength of the intra 2-OH· · ·O-6 and 3-OH· · ·O-5, and the intermolecular H-bonds for 6-OH· · ·O-3´ Hbonds, respectively. The absorbance over the region from 2700-3000 cm -1 is attributed to C-H vibrations (Snyder et al. 1978 ) and the baseline in this region reflects the O-H absorbance (Oh et al; . Therefore, the increased intensity at this region of 4 to 8% NaOH treated cotton indicates the exposure of free -OH groups. However, the band intensity in the region above 3000 cm -1 is increased after NaOH treatment and the intensity followed the rank order of 8% NaOH treated > 4% NaOH treated > 0% NaOH treated cotton cellulose, respectively. This result indicates that the Hbonds were more disrupted or broken in 8% NaOH treated cotton compared to 6%, and 4% NaOH treated cotton. Therefore, 8% NaOH treated cotton cellulose was more swollen mainly by breaking the intermolecular H-bonds and exposing free -OH groups than 4% NaOH treated cotton cellulose. In contrast, the H-bonds intensities of the 10% NaOH treated cotton cellulose were less observed. It is probably occurred due to the interaction of Na + ion of NaOH with cellulose -OH groups or some chemical modifications in this study. Figure 3 shows that the CAE (Enhanced OD) was sharply increased from 0% to 4% NaOH treatment and exhibited maximum for 8% NaOH treatment. The NaOH treatment might change the ratio of amorphous and crystalline areas (Oh et al; , which resulted in the higher amount of CR adsorption on NaOH treated cotton cellulose. Since the accessible areas for dyeing were mainly the amorphous area (Ciovica et al., 1990) , the higher trend of CAE was due to the increased exposure of amorphous areas of treated cotton cellulose. Meanwhile, the FTIR result indicates that the swollen cotton cellulose -OH groups vibrations were increased by breaking of the H-bonds. The interaction of CR with cellulose is exothermic, and CR molecules are adsorbed on cellulose surface through chemical interactions. During CR adsorption, most of the H-bonds occur via the sulfonate, amino, and azo groups of CR and hydroxyl methyl groups of C2 and C6 carbon atom of each glucosyl ring of cellulose (Mazeau et al., 2012) . Therefore, the increased CAE might mainly be due to the enhanced H-bonding of CR with the exposed hydroxyl groups of cellulose. On the other hand, it was likely that the highest CAE on 8% NaOH treated cotton cellulose was due to the highest state of swelling. On a pure scientific ground, the solubilization of cellulose occurred in the very narrow Q region of 8 to 9% NaOH (Porro, et al., 2007) . Moreover, cotton cellulose was highly swollen at -10 °C to 4 °C in 6% to 10% NaOH concentrations (Ying et al., 2008) . Wang et al. (2008) also reported that the maximal solubility of cotton cellulose occurs with 8% to 10% soda solution for low to moderate degree of polymerization (Wang et al., 2008) . Meanwhile, the decreased color intensity of CR solution was visually observed after adsorption by swollen cotton cellulose. To determine the degree of cotton cellulose swelling, consideration of measuring the amount of CR adsorption might be more practical approach than analyzing the number of H-bonds disruption. Therefore, this assay determines the amount of CR adsorption via binding of CR on cellulose microfibers of treated samples and the resultant decrease in UV absorbance. Since, the NaOH (2-8%) treated cotton cellulose gained more amorphous area due to disruption of the H -bonds, therefore, the exposure of free -OH groups in amorphous cellulose leads to more CR adsorption.
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Thus the magnitude of OD changes of the CR solution was proportional to the magnitude of H-bonds disruption. Thus the OD of CR solution, after adsorption of water (0% NaOH) treated cotton, was taken as control (OD1) and the OD of CR solution, after adsorption by 2-10% NaOH treated cotton was taken as test sample (OD2 or OD3). Since NaOH treated cotton cellulose adsorbed more CR than water treated cotton, therefore, CR adsorption enhancement (CAE) can be calculated as: (e.g. for 8% NaOH treated cotton cellulose) From (1) and (2), We calculated the CAE to concentration (μM) of CR as follows,
where, x c = μM of CR adsorption enhancement.
Using equation (3), the CAE for 8% NaOH treated cotton attained maximum 0.077 that might be converted in to 7.8 µM of CR. This result comes from 10 mg of cotton that was treated with 8% NaOH for 30 min at -20°C
. Here, we propose that 1µM of CR adsorption enhancement on 10 mg of NaOH treated cotton cellulose is equal to one unit of swelling (Fig. 3) .
Analytical performance and method validation
Under the optimized preparation conditions, we evaluated the time and temperature effect on cotton cellulose swelling by using this method. To observe the temperature effect, cotton cellulose was treated with NaOH at 4 °C and 25 °C and estimated the swelling unit. The trend of swelling unit of treated cotton cellulose was slightly different at these temperatures (Fig. 4) , where the swelling unit found maximum for the 8% NaOH treatment at 4 °C and 25 °C treatment, respectively. However, the swelling unit found higher at 4 °C than 25 °C treatment. Therefore, the established assay method displayed excellent specificity and could discriminate the swelling evidence effectively and also potentially be used to determine the major or minor degree of swelling. However, the swelling units were found maximum at -20 °C (Fig. 3) even with treatment using similar concentration of NaOH. It seems the more cooling temperature the more swelling of cotton cellulose.
On the other hand, the swelling unit was quite lower when cotton fiber was treated at higher temperature (Fig. 4C) . The degree of swelling was always higher in order like 100°C>120°C>130°C in case of 2 to 8% NaOH treatment. The above results are a good agreement with the statement that the swelling (Richter, et al., 1957) and solubility (Wang et al., 2008) of cellulose become more pronounced at the lower temperature. (Kunze & Fink, 2005) showed that for the interaction of cellulose with NaOH, a decrease in temperature acted similarly to an increase in NaOH concentration. Thus the proposed method satisfies the NaOH induced swelling character of cellulose reported by Kunje and Fink (Kunze & Fink, 2005) and Warwicker (1971) . Since the proposed method satisfies the temperature dependent swelling behavior of cellulose, therefore, the swelling profile of cotton was also determined at -20 °C using 8% NaOH. The CAE on swollen cotton cellulose was plotted against time (min). The swelling unit was increased up to 120 min and observed a steady state after that period (Fig. 5) . The swelling profile of cotton cellulose shows that the swelling rapidly occurred within 10 min. As a consequence, an initial linear slope of CR adsorption on cellulose appeared. An initial linear slope of swelling was reported for quaking aspen and Douglas-fir II wood cellulose in pyridine and ethylene glycol, respectively (Mantanis et al., 1994) . The above study suggests that the proposed method properly reflects the swelling behavior of cellulose.
A less dispersion of cotton fiber is observed in 10% NaOH solution, whereas it is completely stacked at 12% NaOH solution. The study reported that the Na + ions interact more strongly with cellulose at 268K rather than at room temperature (Porro et al., 2007) . Thus Vol-2 Issue-1
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the Na-cellulose formation rate at -20°C is higher than at 4°C that reflected by Congo red adsorption in Fig. 3 and Fig. 4 . Importantly, the 12% NaOH-treated cotton fiber seems more stacked rather than disruption or unwinding like other samples. A plausible explanation can denote that it might retain a massive Na + with hydroxyl groups of cellulose. These results are accordance with the statement that the swelling becomes more pronounced at the lower temperature (Richter et al., 1957) . Kunje and Fink showed that for the interaction of cellulose with NaOH, a decrease in temperature acted similarly to an increase in NaOH-concentration. Thus Congo red adsorption satisfies the NaOH induced swelling character of cellulose reported by Kunje and Fink. The mass of Congo red adsorption enhancement on cotton cellulose is higher at lower temperature (-20°C and 4°C) than room temperature that satisfies the swelling behavior of cellulose. In addition, the mass of Congo red adsorption enhancement is increased with time of swelling induction indicates the more swelling the more Congo red binding. (Phillip, 1973) , and benzene retention (Richter et al., 1957) . This is a first report of colorimetric evaluation of cellulose structure modification including cellulose swelling, chemical modification (generation of Nacellulose, degradation). It is a sensitive method related with free OH groups on cellulose that can measure slight changes of cellulose structure. In conclusion, cellulose structural modification related with C-2, C-3, C-6 cause's deformation of hydrogen bonds of cellulose microfibers that cause swelling, as a consequence, more Congo red molecules forms H-bond with cellulose microfibers. However, the structural modification of cellulose such as Na-cellulose formation leads to less formation of H-bond by Congo red. In contrast, other conventional methods do not relate with any chemical reactions regarding H-bond deformation of cellulose that causes swelling. Thus swelling measurement with Congo red approach is a suitable idea. The Congo red solution color is highly sensitive to lower pH (>7) and changes its color. Therefore, pH of treated cotton cellulose must be adjusted to 7 or above by washing with deionized water. As a matter of fact, the Congo red solution pH was maintained appx. at 8.2 in Tris-HCl buffer and stored in room temperature (~25°C ). Moreover, the Congo red adsorption enhancement to all treated cotton cellulose was conducted at room temperature. Since the Congo red has been shown to alter its spectral properties in the presence of amyloid protein fibers (Howie et al., 2007) , therefore, it should be avoided during the assay. 
CONCLUSION
In this study, a colorimetric strategy for the determination of the degree of cotton cellulose swelling has been demonstrated. The Congo red adsorption based on colorimetric determination of cotton cellulose swelling is highly sensitive to the degree of swelling regarding Hbonds disruption of cellulose. It also reflects the conventional swelling behavior of cellulose. The overall process of swelling evaluation can be finished within 1.2 h; therefore, the developed strategy provides a simple, rapid, high sensitivity and economic platform for the determination of cellulose swelling. This work provides a foundational framework for the determination of cellulose swelling regarding H-bonds disruption by the chemical approach. This method may be a powerful tool to screen some unknown microorganisms and bioengineering of proteins regarding cellulose swelling.
